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INTRODUCTION 

Interleulun-13 (IL-10) and interleukin-la (IL-la) arc proinflammatory cyto- 
kines that promote leukocyte infiltration, prostaglandin synthesis, joint swelling, and 
tissue destruction. 1 ' 8 IL-la and IL-1 (3 are members of a family of cytokines that also 
includes the IL-1 receptor antagonist protein (IL-1RA: see FIGURE 1), all of which 
are synthesized most prominently by monocytic cells. In contrast to the agonist 
activity of IL-la and IL-1 p. 9 IL-1RA is a strict antagonist on IL-1 receptors. It is 
synthesized on membrane-bound polysomes and exported via the classical endoplas- 
mic reticulam (ER)/Golgi route where it becomes glycosylated. IL-la and IL-1 (3, on 
the other hand, both lack leader sequences and are found in cytoplasm. ltM4 IL-lp is 
released from cells following stimulation, and it is the major agonist form of IL-1 
found in biological fluids during diseased states. 1516 In contrast, IL-la remains 
largely intracellular in spite of its synthesis at significant levels. 13 ,7 IL-1RA is also 
released from stimulated cells, but its appearance in blood is delayed relative to that 
of IL-1 p. Because IL-1RA is produced at about 100-fold higher concentrations than 
IL-1?. it may serve to decrease IL-lg activity. 18 

The importance of IL-1 as a target for antiinflammatory therapy is shown by the 
efficacy of IL-1RA, soluble IL-1R. and antiIL-1 receptor monoclonal antibodies in 
severai animal models of human disease. 19-23 For example, PMN infiltration, swell- 
ing, and tissue necrosis were reduced in a rabbit model of inflammatory bowel 
disease by IL-1RA. Mortality was drastically reduced in murine graft vs host disease 
with the use of IL-1RA. Truncated soluble IL-1 receptors showed efficacy in 
reducing the swelling in cat adjuvant arthritis and blocking allograft rejection in 
mice. :i Monoclonals against the IL-1 receptor have also been shown to block PMN 
extravasation and acute phase protein synthesis in mice.- 

The importance of IL-1 0 as the primary form of IL-1 responsible in vivo has been 
confirmed recently by the discovery of pox virus proteins that are specific for IL-1 0. A 
pox virus protein, similar in structure to soluble type II IL-1 receptors, bound only 
IL-1 (J and not IL-la. Production of this protein by the virus reduced the cell- 
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CHARACTERIZATION OF ICE ENZYMATIC ACTIVITY 

To determine the minimum recognition sequence of ICE, a ^muu>-acid 
peptide spanning the Asp-AJa cleavage site of pIL-lfJ, NEAYVHDAPVRSLN, as 
well as series of amino-terminal or carboxy-terminal truncations were fmpwed- 
These peptides were used as substrates for ICE, and their relative activity (V^/K^ 
was compared 34 (Figure 3, top). The results indicated that residues beyond PI ' were 
not required, and at PI' only a methylamine substituent was necessary. At least four 
residues to the left of the cleavage site were necessary for activity; no cleavage 
activity was observed when the Tyr was removed. 

Using a pentapeptide to further characterize the relative activity of individual 
amino acids in the sequence, it was determined that Ac-Tyr-Val-Ala-Asp-Gly was 
recognized best by ICE (Figure 3, bottom). Asp is absolutely required at the PI 
position; giuiamate at this position is cleaved only slightly. Small aliphatic residues 
(Gly and Ala) are preferred in PI'. Substitutions in P2 are well tolerated, Val is 
preferred in P3, and hydrophobic residues are preferred in P4. To facilitate rapid, 
sensitive measurement of ICE, a fluorometric assay utilizing Ac-Tyr- Val -Ala- Asp- 
am incM-methylcoumarin (AcYVAD-AMC) as a substrate was subsequently cm- 

Pl ° y iCE was found to be a thiol protease based upon its inhibition by a number of 
thiol selective reagents such as N-ethyl maleimide and iodoacetic acid (Table 1). It 
was not inhibited by inhibitors of serine or aspartyl proteases such as PMSF, 
leupeptin, or pepstatin. While ICE activity was not inhibited by EDTA, addition of 
o-phenanthroline resulted in inhibition after a prolonged incubation, suggesting that 
ICE might be a metalloprotease. This inhibition was reversed by high (10 mM) but 
not low (0.1 mM) DTT. The addition of copper increased the rate of inhibition, and 
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FIGURE 2. Cleavage of the IL-10 precursor by ICE to generate mIL-10. Inset, autoradiograph 
of an SDS-PAGE gel of 31-kDa 35 S-Met in vitro translated pIL-10 cleaved by ICE to 17.5-kDa 
mlL-ip* 5 
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the simultaneous addition of EDTA prevented any inhibition. These results sug- 
gested that the o-phenanthroline inhibition of ICE occuned by a metal-catalyzed 
oxidation of a labile thiol. 34 

Definitive evidence that ICE was a cysteine protease came from potent inhibition 
by a peptide diazomethylketone (L-707,509) and a peptide aldehyde 34 (L-709,049; 
Figure 4). Addition of 250 nM of a peptide diazomethylketone resulted in time- 
dependent and complete inhibition of ICE activity, but this was prevented bv 
saturating levels of the AcYVAD-AMC substrate (70 x K m \ K m = 14 uJvt). Addition 
of a high concentration of the substrate after inhibition had occurred did not relieve 
the inhibition, indicating that the inhibition was irreversible. The peptide aldehyde 
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FIGURE 3. Effect of truncation and amino acid substitution on ICE activity. Substrates and 
products were separated by RP-HPLC and quantitated. Top. ICE activity {V m ^IK m ) of either 
N- or C-terminally truncated peptides of the 14-mer pIL-l(3 spanning peptide NEAYVH- 
DAPVRSLN; activity was expressed relative to that of the 14-mer defined as 1.0. Bottom. ICE 
activity of a pentapeptide with the indicated amino acid substitutions; activity was expressed 
relative to Ac-YVADG defined as 1.0. 
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table !. Inhibition of WAD -AM C Cleavage by Inhibitors of Various Classes of 
Proteases* 



Class Reagent Inhibition . 



Serine PMSF(lmM) 0 2: 2 

DFP(lmM) 6:8 

leupeptin (1 mM) 1 - 2 

Aspartyl Pepstatin (0.1 mM) 0*2 

Thiol NEM(lmM) 99*1 

lodoaceiate(l mM) 99 * 5 

E-64(] mM) 0±1 

Metallo EDTA(lOmM) 13*10 
OPA*(lmM)/ 1/: ~60 

min) 98 * 3 
OPAfl mM) + 10 nM 

Cu : * (fir = 1 min) 99 s 3 

OPA + EDTA 10 ± 10 

OPA+lOmMDTT 10 ± 10 

OPA + O.lmMDTT 98*3 



"Assays were done at the indicated concentration of inhibitors and expressed as a percentage 
of uninhibited activity. Inhibitors included phenylmethylsulfonylfluoride (PMSF). diisopropyl- 
fluorophosphate (DFP), JV-ethyl maleimide (NEM. and 1,10 (orrAoJ-phenanthroline (OPA). 

h O*Phenanthroline inhibits ICE via metal catalyzed oxidation. 



L-709.049 was also a competitive inhibitor of ICE activity, but saturating levels of 
substrate added after inhibition had occurred could reverse the inhibition. A 
competitive substrate peptide hydroxylamine (L- 700,018) could also inhibit ICE 
cleavage, as shown here using in vitro translated 35 S-Met-labeled pIL-10 (FIGURE 5). 
ICE was not inhibited by a specific elastase inhibitor (L-680,833). 51 



PURIFICATION AND STRUCTURE OF ACTIVE ICE 

Active ICE was purified to homogeneity by conventional ion exchange and 
reverse phase high-performance liquid chromatography (RP-HPLC) techniques* 1 * as 
well as with an inhibitor affinity column.-* 4 Because the P2 position in ICE substrates 
was relatively insensitive to substitution (FIGURE 3). a reversible peptide aldehyde 
inhibitor was prepared with Lys in place of Ala in P2. The Ac-YVAD-CHO was 
coupled via a spacer arm to Sepharose 4B (Figure 6) to generate a specific affinity 
matrix. Crude dialyzed THP.l cytosol or a partially purified DEAE pool of that 
cytosol was allowed to bind to the column and extensively washed. ICE was 
specifically eluted with 100 u,M L-709,049, and found to contain by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) two tightly associated pro- 
teins ai 20 and 10 KDa (termed p20 and plO respectively) in a 1:1 ratio (Figure 6). 
To recover active ICE, the L-709,049 bound ICE was first incubated with oxidized 
glutathione (to form a stable, inactive enzyme-glutathione conjugate) and hydroxyl- 
amine (to destroy the aldehyde inhibitor). Secondly, after desalting, DTT was added 
to remove the glutathione and generate the active enzyme. 

Because the ICE active site thiol is more than 10-fold more reactive than ordinary 
thiols, the Cys could be readily labeled with ,4 C-iodoacetate. Since the alkylation was 
competitive with substrate, saturating levels of substrate could prevent the labeling. 
As shown in FIGURE 7 A, ICE inhibition could be almost totally achieved with 100 
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Time (min) 

FIGURE 4. Inhibition of ICE by the thiol protease inhibitors Ac-YVAD-diazomethyketone 
(L* 707,509, top) and aldehyde (L-709,049, bottom) using AcYVAD-AMC at its AT m (14 >iM). 
(Taken from Thornberry et a/. w with permission.) 



u.M iodoacetic acid at 40 min. Under these conditions in the absence of substrate, the 
p20 protein was select, ely labeled (FIGURE 7B). With saturating amounts of 
substrate where no enzyme inhibition was observed, no p20 labeling occurred. 
Isolation of the p20 followed by tryptic cleavage and Q RP-HPLC separation of the 
resultant peptides led to the identification of a single labeled peptide (Figure 7C) 
which had the sequence VaI-Ile-Ile-Ile-Gln-Ala-( l4 C)Cys. 

After obtaining sequence of tryptic and Asp.N peptides of the p20 and plO 
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proteins, degenerate oligonucleotides were used to PCR ICE cDNA fragments. 
These were used t screen a THP.l monocytic cell cDNA library for full-length 
cDNA clones. All clones cross-hybridized with probes to both p20 and plO, indicat- 
ing that both ICE proteins were encoded on a single mRNA. The resultant open 
reading frame encoded a 45-kDa protein (p45; Figure 8) which contained a 13-kDa 
polypeptide N-tenninal to the p20 and a 2-kDa peptide separating the p20 from the 
plO which were not found on the isolated active enzyme (Figure 9). No sequence 
homology to other Cys proteases or other proteins in the protein databank was 
observed.* 4 The human cDNA was used to clone out the mouse 44 - 45 and rat 46 forms of 
the enzyme (Figure 8). All three proteins contained the active site Cys with 
considerable stretches of amino acid identity particularly in the plO region where 
there was 81% amino acid identify between the mouse and human proteins. Identity 
was less in the p20 region (62%) and still less in the pro domain (53%). 44 An 
alternatively cleaved, 1.6-kDa higher molecular weight form of the p20, termed p22 t 
was in some cases purified along with the p20 protein (FIGURE 9). 43 All four cleavage 
sites generating the p20, p22, and plO proteins followed Asp residues, perhaps 
indicating autoprocessing of the p45* 

The p45 form of ICE is the major form of ICE found in monocytic cells as 
determined by immunoblots with antibodies generated to affinity purified human 
ICE. Extracts of p45 have, however, no detectable pIL-10 cleavage activity. Only 
after dialysis or short incubations at 30°C when p45 is cleaved to the p20/pl0'form of 
the enzyme, is significant pIL-13 cleavage activity seen. 47 Both p20 and plO are 
necessary for ICE activity; ion exchange column fractions of cytoplasmic extracts 
containing p20 in the absence of plO contain no ICE activity. 43 

Expression in COS-7 cells of the p45 ICE protein resulted in generation of 
pIL-1 p cleavage activity that could be inhibited by the peptide aldehyde inhibitor 
L-709,049 (Figure 10). An 116 Asp to Ala mutant of pIL-lfJ was not a substrate for 



ICE _ + + + + + + + 
Inhibitor - - IAA 049 509 - 833 018 



ProlL-1p [ 
Precursor cleavage 
(28 KDa) 

Mature IL-1p ► 
(17.5 KDa) 




FIGURE 5. Inhibition of ICE cleavage of "S-Mei-labeled pi L- 1(3 bv various inhibitors. IAA, 
iodoacetic acid. 5 mM: 049, L-709,049. AcYVAD-CHO. 0.5 u-M: 509, L-707.509. Ac WAD- 
ON;. 10 nM: 833. L-680.833 51 . 5 nM: 018. L-700.01S. AcYVAD-NHOH. 0.5 mM. 
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the recombinant ICE. 34 Expression of human p45 in Eschenchea coli or baculovinis 
systems, followed by purification on the peptide aldehvde affinity column resulted in 
the purification of both p20 and pIO in 1:1 ratios.* 1 Presumably the N-terminal 
domain of the p45 is necessary for proper folding of the p20 and pIO proteins; 



CQ 



OH 




SDS PAGE 
Silver Stained 




^p10 



FIGURE 6. Affinity purification of ICE. Top: A peptide aldehyde affinity matrix was prepared 
by coupling Ac YVKD-CHO to Sepharose 4B as shown.* Bottom: Silver-stained SDS-PAGE of 
?fAc n 4 S i f ™ m * n affinit > column Purification beginning with a partially purified DEAE fraction 
of ICE. The load, the flowthrough fraction, a column fraction after extensive washine and the 
proteins eluted by 100 nM L-709,049 are shown. 8 



MILLER ft o/.: IL-10 CONVERTING ENZYME 



141 




FIGURE 7. Inhibition of ICE by I4 C-iodoacctic acid and its labeling of the active site Cys. A; 
Kinetic analysis of iodoacetic acid inhibition of ICE using 100 u,M iodoacetic acid and its 
competition by saturating substrate. B: Under conditions of 99C f inhibition of ICE (40 min ). the 
p20 protein found in a partially purified sulfopropvl-HPLC fraction of active 4 - 1 THP.l ICE was 
labeled and identified following SDS-PAGE and autoradiography. u C: Q-RP-HPLC chroma- 
tography of the tryptic peptides of the p20 labeled with ,4 C-iodoacetic acid (the p20 was 
purified by G-RP-HPLC prior to trypsin cleavage). Only one peptide was labeled, and 
sequencing of this peptide revealed that the active site Cys was found in a sequence VIIIQAC. 4 * 



coexpression of isolated p20 and plO together in E. coli did not produce any active 
enzyme. 4 * The activity of the recombinant enzyme was comparable to that of the 
native THP.l enzyme: the ICE inhibitor affinity column yielded similar amounts of 
isolated enzyme for the same amount of activity units applied. Occasionally a 
processed form of plO. lermed p7, presumably also formed bv autocatalvsis, could be 
copunfied on the affinity column. 4 * This form could also' be generated in small 
amounts in highly purified fractions of THP.l ICE where it contained substantially 
less activity. 43 



EFFECT OF INHIBITION OF ICE ON IL-10 SECRETION 
FROM MONOCYTES 

To determine the effect of ICE inhibitors on mIL-ip production in human 
monocytes, 1?i S-Met labeled heparinized blood was stimulated with heat-killed 
Staphylococcus aureus which has been shown to promote both rapid synthesize of 
pIL-lp as well as rapid release extracelluiarly of mlL-Ip. 4 " When this* stimulation 
was performed on ceils prcincubated with the peptide aldchvde inhibitor L-709,049, 
mIL-lp release was inhibited in a dose-responsive fashion with an IC50 of about 2 
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ittle observable inhibition of mIL-lfi Trele^sc »~lit n 1°' ^P 9 ' 049 ) r «uJted in 
IL-13 release was shown by the lack onnhTbi.io^f ^'^17 ° f this inh,bi " on 
the same cells (Figure 12) '""'bmon of TNFa, IL-6, or IL-8 release by 
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FIGURE 9. Structural organization of the human ICE precursor protein (p45) and the sites of 
cleavage found in ICE forms identified in THP.l cells and recombinant expression systems, 
including p22, p20, plO, and p7, a truncated form of plO. 

alkylating agents such as NEM and iodoacetic acid, and its insensitivity to Ser, Asp, 
or metalloprotease inhibitors. More definitively, such specific agents as tetrapeptide 
aldehydes or diazomethylketones inhibit ICE, while, in contrast, a truncated carbo- 
benzyloxy aspartyl diazomethylketone is 10,000-fold less potent as an ICE inhibitor.* 
Furthermore, the replacement of the active site Cys with Ala totally eliminates any 
ICE activity. 50 The minimum recognition sequence for ICE is a relatively small 
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FIGURE 10. Functional expression of active recombinant ICE expressed in COS-7 cells. 
Extracts of cells transfected with human p45 ICE were incubated with 35 S-Met-labeled 
wild-type pIL-ip (WT) or a Ala 116 mutant of IL-13 (MT) in the presence or absence of affinity 
purified ICE (taken from Reference 34 with permission). The resultant samples were separated 
by SDS-PAGE and visualized by autoradiography. 
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Protocol 



Time C*rSl -1 
Acs 
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Extracellular 3^ 
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AcYVAD-CHO 17 ^ ^ 
K, = 0.8 nM — ~ — 



AcY(dA)AD-CHO 31 



0 05 .1 .5 1 5 10 50 100 



Extracellular 




FIGURE 11. Inhibition of mIL-10 release from human peripheral blood monocytes by a 
K?y?a^ (^-WAD-CHO) or a relatively inactive D*AJa control peptide 

(AcYdAAD-CHO). 35 S-Met-labeled heparinized blood was preincubated with indicated con- 
centrations of the inhibitor for 1 h, followed by a 5-h incubation with heat-killed Staphvtococcus 
aureus. The plasma was removed and immunoprecipitated with amiIL-10 antiserum and the 
immunoprecipitates were separated by SDS-PAGE and subjected to autoradiography Radio- 
imaging of the individual bands is shown at the bottom (Taken from Reference 34 with 
permission). . 



tetrapeptide characterized most prominently by the absolute necessity for an Asp in 
PI and secondarily by the need for a relatively large hydrophobic group in P4 ICE 
bears no homology to other known Cys or Ser proteases; the original observation of 
active sue sequence similarity to Ser proteases* was not borne out when the mouse 
and rat sequences were obtained* 4 -* in that the Ser289 was replaced by a Lys 
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ICE itself appears to require processing before it can become active. While it is 
synthesized as a 45-kDa protein and is the predominant cellular form seen in 
monocytic ceils, it has no delectable pIL-ip cleavage activity until removal of a 
precursor domain of about 13 kDa and a 2-kDa intervening piece between the p20 
and plO proteins. Exactly how and where this processing occurs is not known, but all 
of the cleavage sites are preceded by Asp residues. Because purified ICE can cleave 
the p45 precursor, it is possible that this processing is autocatalytic. 34 

Whereas active ICE is a complex of freely dissociable inactive monomers, 34 there 
is no evidence that the p20 and plO polypeptides themselves are freely dissociable 
from one another. Simultaneous expression of both plO and p20 in £. coti does not 
generate active ICE. 48 Furthermore, purification by ion exchange columns of active 
ICE from THP.l cytoplasmic extracts has shown no evidence for plO separate from 
p20. 43 What is seen is that plO is susceptible to proteolysis, and that p20 is found 
associated not only with intact plO, but also with a lower molecular weight C- 
terminally cleaved form of plO (p7) forming an ICE complex with reduced activity. 
p20 can also be found with all of the plO removed, in which case no ICE activity is 
seen. 43 Thus, the plO part of ICE is clearly needed for ICE activity. Not surprisingly, 
it is the most conserved portion of ICE (Figure 8). 




Time, Hours Time, Hours 

FIGURE 12. Effect of a specific ICE inhibitor on release of cytokines from S. aureus- 
stimulated human peripheral blood monocytes. Various concentrations of the peptide aldehvde 
inhibitor (AcYVAD-CHO) were preincubated with cells as described in Figure 13. and the 
supernatants were analyzed by ELISA for IL-lp. TNFa. IL-6. or IL-8 release. 
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monocytes without preventing the release of TNFo 11-* „, it a c I Z 
.nhibition of ICE inhibits cellular pIL 10 prUS* J£ m 21,^? """f 
monocytic cell is unaffected f see Figure nv «!' secre,,on from thc 

s.tes of inflammation to yield an active product with activity siSf To ml? in 
Second^ there ,s the question of whether other cytoldnesTuchT™Fa or H ?" 
released from damaged ce.ls might be sufficient maintain 1111^ 
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